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ABSTRACT

Magley, Robert Alan. M.S. Department of Biological Sciences, Wright State
University, 2018. A Planarian Tau Tubulin Kinase Homolog is Required for
Spermatogenesis and Epithelial Ciliogenesis.

Tubulin comprises the structural element of microtubules and Tau is one of
many

microtubule-associated

proteins.

Tau

Tubulin

Kinase

(TTBK)

phosphorylates both Tau and Tubulin and is required for the initial steps of cilia
formation. Due to the structural similarities between cilia and sperm flagella, as
well as the enriched expression of TTBK1 and TTBK2 in human testes, we
hypothesized that TTBK homologs play a role in sperm maturation. This
hypothesis

was

tested

in

the

planarian

Schmidtea

mediterranea,

a

lophotrochozoan model capable of whole-body regeneration and development a
complete reproductive system post-embryonically. Six TTBK homologs were
identified in the genome of S. mediterranea. Analysis by whole-mount in situ
hybridization revealed that all six homologs (Smed-TTBK-a, -b, -c, -d, -e, and -f)
are preferentially expressed in the testes of sexual planarians. Functional analyses
by RNA-interference (RNAi) revealed that Smed-TTBK-d is specifically required
for sperm development. Smed-TTBK-d RNAi also results in behavioral defects
which appear to be caused at least in part by structural abnormalities in ciliated
epidermal cells that power planarian gliding. Altogether, these results demonstrate
that TTBK function is essential for development of ciliated structures in planarians.
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Chapter 1: INTRODUCTION
1.1 Cilia
Cilia, centrioles, and basal bodies are all microtubule-based structures.
These structures play major roles in cell cycle progression, cellular locomotion,
signaling, and sensation (Carvalho-Santos et al., 2011). Cilia are widely distributed
among eukaryotes (reviewed by Ibañez-Tallon et al., 2003). There are two main
types of cilia: motile cilia and immotile (or primary) cilia. As the name suggests,
motile cilia are capable of movement. The number of motile cilia per cell can vary
drastically. For example, sperm cells typically only have one specialized motile
cilium known as the flagellum, which powers movement of cells. In contrast, the
ciliated cells of the mammalian respiratory tract develop large numbers of cilia per
cell. Rather than moving the cells themselves, the cilia of the respiratory tract move
fluid across their surface. Primary cilia, on the other hand, are incapable of
movement and serve mainly as signaling and sensory organelles. Immotile cilia
can be highly specialized to detect fluid flow, odorants, signaling molecules, and
even light (reviewed by Choksi et al., 2014). In humans, the ability to sense taste,
smell, sound, and light all involve specialized immotile cilia in the tongue, nose,
ears, and eyes. To serve such a wide array of functions, cilia development is a
highly controlled and complex process involving hundreds of components
(reviewed by Malicki and Johnson, 2017).
Cilia are plasma membrane-bound, filamentous organelles with a
microtubule core. The microtubule core is an extension of the basal body, a
structure that anchors the cilium to the surface of cells (reviewed by Choksi et al.,
1

2014). The cores of motile and primary cilia are structurally similar with a few key
differences (reviewed by Choksi et al., 2014). Motile cilia typically exhibit a 9+2
organization of microtubules in which there are nine microtubule groups arranged
in a circle around a pair of microtubules running through the center of the cilia
(reviewed by Adams, 2010). Motile cilia also exhibit motility components such as
dynein arms, which connect the center pair of microtubules to the outer ring. This
structure provides stability and permits movement. Immotile cilia exhibit a 9+0
arrangement of microtubules in which the outer ring of microtubules is present, but
the center pair of microtubules and motility components are absent. For signal
detection in primary cilia, Intraflagellar Transport Complexes (IFTs) form to
mobilize components along the ciliary axis. This allows receptor proteins to be
localized along the edge of the cilium (reviewed by Malicki and Johnson, 2017)

1.2 Tau Tubulin Kinase
One of the hundreds of proteins involved in ciliogenesis is Tau Tubulin
Kinase 2 (TTBK2) (Goetz et al, 2012). TTBKs are able to directly phosphorylate
both Tau and Tubulin (Tomizawa et al., 2001). Tubulin comprises the structural
element of microtubules and Tau is a microtubule-associated protein. TTBK has
also been shown to interact with many other microtubule-associated proteins and
can even auto-phosphorylate (reviewed by Liao et al., 2015). TTBK is found
throughout the animal kingdom and is highly conserved among vertebrates
(reviewed by Ikezu and Ikezu, 2014). However, only the kinase domain is
conserved among invertebrates, suggesting that TTBK diversified from a common
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shorter TTBK gene during the evolution of invertebrates to vertebrates (as
proposed by Ikezu and Ikezu, 2014). Gene duplication and protein divergence is
common among TTBK homologs, and may contribute to species specific
adaptations in centrioles, basal bodies, as well as cilia development.
In humans, there are two TTBK paralogs: Hs-TTBK1 and Hs-TTBK2.
TTBKs remove inhibitors and recruit components required for ciliogenesis (Goetz
et al., 2012; Oda et al., 2014). Phosphorylation by TTBKs changes the binding
affinity of centriolar proteins and causes them to release from microtubules,
permitting the initiation of ciliogenesis (Oda et al., 2014). In the disease state, HsTTBK1 aberrantly phosphorylates Tau and other proteins, resulting in
hyperphosphorylated protein aggregates and neuronal tangles as seen in
Alzheimer’s Disease (AD) and Amyotrophic Lateral Sclerosis (reviewed in Wang
et al., 2013). Hs-TTBK1 expression is particularly enriched in brain tissues but also
found throughout the body in low levels. Mutations in Hs-TTBK1 that appear to
decrease its kinase activity are linked with a reduced risk of Alzheimer’s Disease
(Vázquez-Higuera et al, 2011). Other mutations of Hs-TTBK1 are associated with
an increased risk of late onset Alzheimer’s Disease (reviewed in Ikezu and Ikezu,
2014). Hs-TTBK2 is more broadly expressed than Hs-TTBK1 and is highly
enriched in the testes. Truncation mutations in Hs-TTBK2 are associated with the
autosomal dominant disorder Spinocerebellar Ataxia Type 11 (SCA11) (reviewed
in Ikezu and Ikezu 2014). SCA11 is characterized by a progressive loss of
coordination, difficulty walking, and peripheral neuropathy (Houlden, 2013).
Studies in Mus musculus embryos have shown that replacing the endogenous
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Mm-TTBK-2 genes with truncated forms of the orthologous Hs-TTBK2 genes is
lethal (Goetz, et al., 2012). In mouse kidney cells, Mm-TTBK-2 function is critical
for the initiation of ciliogenesis. Mm-TTBK-2 promotes the formation the axoneme
by both displacement of negative regulators and enrichment of IFT components at
the base of the cilium (Goetz, et al., 2012). TTBKs may also play a role in cell
division. Asator, a Drosophila TTBK homolog, is localized to the spindle matrix and
interacts directly with the spindle matrix protein, Megator (Qi et al., 2009).

1.3 Planarians
The planarian Schmidtea mediterranea is a free-living freshwater flatworm
that houses an adult population of pluripotent stem cells known as neoblasts
(reviewed in Newmark and Sanchez Alvarado, 2002). Neoblasts are the only
proliferating cells in the soma of these organisms and give planarians a remarkable
regenerative capacity. Planarians are able to regenerate entire body systems in
response to damage or amputation. This includes the central nervous system and
structures that do not contain stem cells such as the pharynx. Planarians have a
highly plastic body size that can change in response to environmental conditions
while maintaining relatively constant cell-type ratios (reviewed in Newmark and
Sanchez Alvarado, 2002; Elliott and Sánchez Alvarado, 2013). Planarian
anatomical integrity is maintained by a balance between proliferating stem cells
and apoptosis. Cell proliferation even continues during shrinkage. S. mediterranea
is used as a model to study cilia development in part because they possess a welldefined multi-ciliated epithelium allowing defects in development to be readily
4

observed (reviewed by Rompolas et al., 2009; 2013). Like humans and mice,
planarians undergo canonical ciliogenesis in terminally differentiated cells
(reviewed in Rompolas et al., 2013). Additionally, S. mediterranea has a fully
sequenced genome (Brandl et al., 2016; Grohme et al., 2018) and is amenable to
molecular tools such as in situ hybridization, RNA interference, and
immunohistochemistry (reviewed in Newmark and Sanchez Alvarado, 2002;
Rompolas et al., 2009).
S. mediterranea exists in two reproductive forms: sexual and asexual
(reviewed by Sánchez Alvarado and Newmark, 2002; Newmark et al., 2008).
Asexual planarians lack reproductive structures and reproduce by transverse
fission. Sexual planarians are cross-fertilizing hermaphrodites. Sexual planarians
have a set of ovaries situated anteroventrally behind the cephalic ganglia.
Numerous testes are located along the dorsolateral edge of the planarian (more
on this in Chapter 3). Interestingly, planarian sexual organs are not developed
embryonically. Instead, planarian sexual organs form after planarians reach a
certain size. In response to damage or starvation, reproductive structures (testes,
ovaries, copulatory apparatus, etc.) are lost. During regrowth, the reproductive
structures are developed de novo from pluripotent stem cells and germline
development is reestablished (Wang, 2007). For these reasons, S. mediterranea
is used as a model organism to study germline development.

1.4 Purpose

5

Research into planarian TTBK homologs began in part from the results of
an RNAseq genome-wide screen involving knockdown of the S. mediterranea
Cytoplasmic Polyadenylation Element Binding Protein-2 (Smed-CPEB-2) ortholog,
which results in the loss of reproductive structures (Rouhana et al., 2017). RNAseq
analyses comparing the expression of transcripts in sexually-mature planarians to
Smed-CPEB-2 knockdown planarians revealed a large number of differentially
expressed transcripts. Transcripts found in lower relative amounts in the SmedCPEB-2 knockdown animals are likely from genes that are expressed in the sexual
organs of planarians and possibly play a role in germline development. Among
these genes, planarian TTBK homologs were identified. Initial screens on the
TTBK homologs merited further research.
It is possible that TTBK may be involved in germline development either
through involvement in meiosis, signaling, or in the assembly of the sperm tail. For
this thesis project, I identified six planarian TTBK homologs. All six of these
homologs are highly expressed in the testes. I found that the TTBK homolog
Smed-TTBK-d is required for spermatogenesis. Smed-TTBK-d knockdown is
characterized by both an absence of sperm and an interruption of germ cell
differentiation in the testes. Additionally, knockdown of Smed-TTBK-d resulted in
movement defects which I characterized by an inability to avoid light. I found that
Smed-TTBK-d is also expressed in epithelial cells and is required for normal
epithelial ciliogenesis. Finally, I characterized a bloating defect likely caused by
protonephridial malfunction upon Smed-TTBK-d RNAi and showed that SmedTTBK-d function is not required for regeneration.
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Chapter 2: METHODOLOGY
2.1 Planarian cultures
A hermaphroditic clonal line of S. mediterranea (Zayas et al., 2005) was
used for all experiments, with exception of the analyses presented in Figure 9A-B
and 10, which were performed in an asexual clonal strain (Sanchez Alvarado et
al., 2002). Laboratory populations of sexual S. mediterranea were expanded by
amputation and maintained at 18˚C in 0.75X Montjuïc salts as per Wang et al.
(2007), asexual animals were maintained at 21˚C as described by (Sanchez
Alvarado et al., 2002) with modifications to the Montjuïc salts formula as per
Pearson and Gurley (2011). Both strains are maintained on a weekly to semiweekly diet of calf liver puree and starved for a week prior to experimentation.

2.2 Identification and cloning of S. mediterranea TTBK homologs
Homologs of human TTBK1 and TTBK2 protein sequences were identified
in a reference transcriptome sequence assembly derived from S. mediterranea
sexual strain cDNA and RNAseq reads (Rouhana et al., 2012) using the TBLASTN
function in BlastStation Local64 (TM Software, Inc, Arcadia, CA). Orthologous
TTBK sequences were confirmed via reciprocal BLASTP searches of predicted
planarian protein products and human reference protein sequences deposited in
the

National

Center

for

Biotechnology

Information

(NCBI;

http://blast.ncbi.nlm.nih.gov). The existence of six planarian TTBK orthologs in the
S. mediterranea genome (Grohme et al., 2018) was verified by BLASTN searches
in PlanMine (Brandl et al., 2016). Partial sexual S. mediterranea cDNAs containing
7

kinase domain sequence of each of the six TTBK homologs were amplified using
the following sequences:
Smed-TTBK-a:

5’-ACAAGGAAGAGAGCATTCTTGTAGA-3',
5’-ATCAGGAGAATCAAAGTATGTGAGG-3’;

Smed-TTBK-b:

5’-GGAAGTAGCAGTGCTGAAAAGATTA-3’,
5’-CAACTACTGAAATTTATGCCTCGC-3’;

Smed-TTBK-c:

5’-GCTAAGTGCTCAAATCCTTCAATC-3’,
5’- ACTCATCGGAACTTATTCCTTTACG-3’;

Smed-TTBK-d:

5’-CTTCAACTCAAGAACCTGATTTAGC-3’,
5’-TATCTAACTGTTCCACGAAAACCAG-3’;

Smed-TTBK-e:

5’-TTAATAGAGCCAGGTCACCTCATTA-3’,
5’-CATATCTAACTGTTCCACGAAAACC-3’;

Smed-TTBK-f:

5’-GTAATGTCTCTCCAAGGGAAAAACT-3’,
5’-CCAGTATTTGTTTAAACTCCAGAGG-3’;

Smed-CSNK1-a:

5’-AAGTCAATAAAAGTCGTGCTAGTGG-3’,
5’-CCCAAAATAACTTACGCATGTAGTC-3’;

Smed-CSNK1-e:

5’-GAAGAAAATTGGCTCAGGTACTTTC-3’,
5’-ACTTTGCTGTTCCTGTTAAGTTCTG-3’;

cDNA amplicons were ligated into pGEM-T as per the manufacturer’s
protocol (Promega, Madison, WI) and verified by Sanger sequencing. SmedTTBK- a, -b, -c, -d, -e, and –f. In vitro-synthesized DNA fragments (GeneArt
Strings, ThermoFisher, Waltham, MA) containing sequence that excluded the
conserved kinase domain in each S. mediterranea TTBK homolog were used to
verify results obtained from RNAi and in situ hybridization analyses using the
partial kinase domain cDNA clones. Analyses using firefly luciferase partial cDNA
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sequence were included as negative control for every experiment described in this
thesis. Phylogenetic analysis was performed on kinase domain protein sequences
using default settings in phylogeny.fr (Dereeper et al., 2008).

2.3 Whole-mount in situ hybridization
Samples (asexual planarians of 0.3 to 0.6 cm length; sexual planarians of
1.0 to 1.5 cm) were processed for in situ hybridization as described by King and
Newmark (2013), with modifications for sexual planarians as described below.
Briefly, samples were rinsed with husbandry media and sacrificed by incubating
for 10 minutes placed horizontally on a rocking platform in a phosphate-buffer
saline (PBS) solution containing 7.5% N-acetyl cysteine (NAC). The NAC solution
was replaced with PBS containing 0.3% Triton-X (PBSTx) and 4% formaldehyde
for fixation and incubated for 1 hour. Then, samples were gradually dehydrated
into methanol, placed overnight at -20˚C, gradually rehydrated into PBSTx,
bleached in a formamide-based hydrogen peroxide solution under fluorescent light
for 1.5-2 hours, rinsed in PBSTx, treated for 12 minutes with 10 µg/ml Proteinase
K (Foster City, CA) in a PBSTx solution containing 0.1% (w/v) SDS, and post-fixed
for 10 minutes in PBSTx containing 4% formaldehyde. Subsequent steps for
incubation with digoxigenin-11-UTP (DIG; Roche, Basel, Switzerland) -labeled
riboprobes, post-hybridization washes, incubation with anti-DIG antibodies, and
post-antibody incubation washes, were performed as per King and Newmark
(2013). Samples subjected to colorimetric detection of riboprobe hybridization
were incubated with anti-DIG-Alkaline Phosphatase (1:4000 dilution; Roche,
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Basel, Switzerland), developed as described by Pearson et al. (2009), mounted on
microscope slides in 4:1 glycerol:PBS (v/v), and imaged using a Zeiss V.16
SteREO microscope equipped with a Canon EOS Rebel T3 camera. For FISH
analyses, samples were incubated overnight in anti-DIG-POD (1:1000; Roche,
Basel, Switzerland), developed using FAM tyramide solution as per King and
Newmark (2013), cleared and mounted in 4:1 glycerol/PBSTx, and imaged using
a Nikon C2+ confocal microscope equipped with NIS Elements C software.

2.4 Whole-mount immunofluorescence, lectin, and DAPI staining
Planarians were prepared for whole-mount analysis of a-tubulin
immunofluorescence, Concanavalin A (ConA) staining of cell boundaries of ciliated
epithelium, and DAPI staining of nuclei at the end of RNAi treatments. NAC,
formaldehyde, and bleaching treatments were followed as described for wholemount in situ hybridization (above), excluding steps for methanol dehydration and
overnight storage at -20˚C. For analysis of planarian anatomy using DAPI,
bleached samples were washed twice with PBSTx, incubated overnight in a
PBSTx solution containing DAPI (5µg/ml; Acros Organics, Morris, NJ), washed six
times with PBSTx, mounted on slides, and imaged under UV light using a Zeiss
V.16 SteREO microscope equipped with a Canon EOS Rebel T3 camera (low
magnification) or a Nikon C2+ confocal microscope equipped with NIS Elements
C software (high magnification; 60x oil immersion objective).
Visualization of cilia of the planarian epidermis was achieved by incubating
bleached samples in Blocking solution (0.5% fish gelatin; 1% Bovine Serum
10

Albumin (BSA) in PBSTx; Forsthoefel et al., 2014) for two hours, followed by
overnight incubation in Blocking Solution containing anti-a-tubulin (1:1000 dilution;
T5168, Sigma Aldrich, St. Louis, MO). After overnight incubation, the samples
were rinsed twice with PBSTx and washed six additional times for 15 minutes each
with PBSTx, incubated for 3 hours with secondary antibody in Blocking Solution
(1:400 dilution of goat-anti-mouse IgG AlexaFluor-488 conjugated (A11029,
ThermoFisher, Walthman, MA) or goat-anti-mouse IgG AlexaFluor 633 (A21050,
ThermoFisher, Walthman, MA)), washed with PBSTx, stained with DAPI (as
above), washed and mounted on slides in 4:1 glycerol/PBS (v/v). Epithelial cells
were stained by extending the incubation with DAPI overnight at 4˚C and including
5µg/ml Fluorescein conjugated ConA Lectin (FL-1001; Vector Laboratories Inc.,
Burlingame, CA), followed by PBSTx washes, mounted, and imaged on a Nikon
C2+ confocal microscope equipped with NIS Elements C software (high
magnification; 60x oil immersion objective).

2.5 Preparation of riboprobes and dsRNA by in vitro transcription
Amplicons containing an antisense SP6 promoter and flanking T7 promoter
sequences were obtained from TTBK and luciferase partial cDNA constructs using
primers that anneal upstream and downstream of the pGEM-T multiple cloning site
(5’- ATATCGAATTAACCCTCACTAAAGTGTAATACGACTCACTATAGGG-3’ and
5’-

ATATCGTAATACGACTCACTATAGGGCGAATTTAGGTGACACTATAG-3’,

respectively). Amplicons containing partial cDNA sequence corresponding to the
open reading frame of TTBK genes or luciferase and both an antisense T3
11

promoter and flanking T7 promoter sequences, were generated by PCR from
GeneArt Strings DNA templates (Figure 1) using the following primers: 5’Amplicons were purified using DNA Clean & Concentrator-5 columns (Zymo
Research, Irvine, CA), eluted in 20 µl of nuclease-free water, and used as
templates for in vitro transcription. For RNAi, dsRNA was synthesized using T7
RNA Polymerase, as per Rouhana et al. (2013) for templates generated from
pGEM-T constructs or GeneArt Strings. DIG-11-UTP-labeled riboprobes
containing cDNA antisense sequence were synthesized as per King and Newmark
(2013) using either SP6 (pGEM-T cDNA constructs) or T3 (GeneArt Strings) RNA
Polymerases (Promega, Madison, WI), ethanol precipitated using lithium chloride
after DNase-treatment, and re-suspended in hybridization buffer.

2.6 RNA-interference
RNAi was performed as per Rouhana et al. (2013). Briefly, groups of five
planarians were fed to satiation with liver solution containing gene-specific dsRNA
at a concentration of approximately 100ng/µl every 3-4 days for three weeks.
DsRNA with sequence corresponding to firefly luciferase, which does not disturb
planarian somatic or reproductive physiology, was used as a negative control. One
week after their final feeding, planarians were either fixed for anatomical analyzes,
amputated for regeneration assays, or subjected to behavioral analyses in
response to light stimuli.

2.7 Light Response Assay
Upon completion of RNAi treatment, groups of five planarians subjected to
12

either luciferase or Smed-TTBK-d knockdown were collected in a 50 ml conical
tube, washed with 5 ml of 0.75X Montjuïc salts and decanted into a 150 x 15 mm
Petri dish filled with 25 ml of 0.75X Montjuïc salts. White light from a Fiber-Lite high
intensity illuminator series 180 (Dolon-Jenner Industries) at the maximum setting
(ten) was directed from twenty centimeters to the first fifth of 15 cm diameter Petri
dishes where the planarians were decanted. Migrations from the bright spot to
darker regions of the Petri dish were simultaneously recorded for luciferase(RNAi)
and Smed-TTBK-d(RNAi) groups for three minutes using an iPhone 7 plus mobile
phone. After three minutes, the experiment was conducted again with reciprocal
placement of planarians in the opposite plate. Time spent by each planarian in
each of the five positions of the plate were averaged for reciprocal runs of two
groups of biological replicates. Standard deviation from the mean and two-tailed
students t-test were calculated for statistical analysis.

2.8 Bloating and Regeneration Assay
Asexual planarians were subjected to luciferase and Smed-TTBK-d dsRNA
feedings. At the end of the treatment, planarians were scored based on severity of
bloating. Planarians were then cut anterior and posterior to the pharynx. The
fragments containing the pharynx, but not the eye spots or tail (the trunk
fragments) were allowed to regenerate for seven days and then scored based on
their ability to regenerate eye spots.
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Chapter 3: RESULTS
3.1 Characterization of the six TTBK homologs in S. mediterranea with
preferential expression during spermatogenesis
Recent transcriptome analyses suggest a potential involvement of planarian
TTBK homologs with respect to reproductive system function (Rouhana et al.,
2017).

In order to verify and locate in more detail the expression of TTBK

homologs in the planarian reproductive system, we searched for human TTBK1
and TTBK2 orthologs in a reference transcriptome of the sexual strain of S.
mediterranea (Rouhana et al., 2012). Six TTBK orthologs were identified amongst
S. mediterranea sequences by TBLASTN, all of which were cross-referenced to
sequences in independent transcriptomes deposited in PlanMine (Brandl, et al.,
2015), and validated as individual loci in the recently-released S. mediterranea
genome (Grohme et al., 2018) (Table 1). Sequence similarity was assessed using
reciprocal BLASTp of predicted planarian TTBKs and human RefSeq protein
sequences deposited in the National Center for Biotechnology Information (NCBI;
Table 1). Planarian TTBKs share 61-71% protein sequence identity with human
orthologs within the conserved kinase domain, whereas 85% identity is shared
between human paralogs in this region (Figure 2A). No conservation was detected
outside of the kinase domain between planarian and human TTBK sequences.
Kinase domains of each TTBK homolog contain all known putative catalytic
residues (Figue 3). However, human TTBK1 and TTBK2 share regions that are
similar outside of the kinase domain (Figure 2A). This suggests that human
paralogs are a result of a recent duplication that was not ancestrally present before
14

divergence of lophotrochozoans and deuterostomes. Further analysis of
orthologous sequences revealed the presence of TTBK in genomes of sponges
and cniderians, indicating that this protein family is present throughout the animal
kingdom (Figure 2B). Interestingly, TTBK orthologs were also found in slime molds
(i.e. Dictyostelium discoideum, Acytostelium subglobosum, and Cavenderia
fasciculata). However, TTBKs were not found in yeast (i.e. Saccharomyces,
Neurospora crassa), Chlamydomonas reinhardtii or Arabidopsis thaliana, where
the closest homolog to human TTBKs were members of the Casein Kinase I family
of proteins (Figure 2B). These data corroborate with observations made by Ikezu
and Ikezu (2014), which proposes that vertebrate TTBK1 and TTBK2 arose from
a shorter TTBK gene during vertebrate evolution. This analysis also suggests that
TTBK was present in the last common ancestor shared between animals and slime
molds (Mycetozoa), but may have been lost during evolution of fungi.
We performed whole-mount in situ hybridization (WMISH) and fluorescent
in situ hybridization (FISH) to assess where planarian TTBK paralogs are
expressed. Analyses were performed on samples from a clonal line of a sexual
strain of S. mediterranea (Zayas et al., 2005) of enough size to have a fullydeveloped their hermaphroditic reproductive system (Figure 4A). Two different
riboprobes were used to analyze the expression of each gene.

One set

corresponded to sequence complementary to the region encoding the conserved
kinase domain, whereas the other set targeted transcript regions that
corresponded to protein sequence not conserved between TTBK paralogs (see
methods). Both approaches showed identical results. Transcription of each of the
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six TTBK paralogs was robustly detected in the testes, which are distributed
dorsolaterally through most of the planarian body (Figure 4B-H). More specifically,
expression of each TTBK paralog was detected in developing sperm (Figure 4JP). These results demonstrate that planarian TTBK orthologs are preferentially
expressed in the testes, which corroborates with enriched expression of TTBK1 in
human testes and preferential expression of TTBK2 as revealed by human tissue
transcriptome analyses (Fagerberg et al., 2014). Expression in neurons was not
detected for any planarian TTBK gene using this approach.

3.2 Expression of Smed-TTBK-d is essential for sperm development
In order to identify potential functions of TTBK paralogs in S. mediterranea,
we disrupted expression of Smed-TTBK-a, -b, -c, -d, -e, and -f individually using
RNA-interference (RNAi). Groups of 5 clonal individuals from a laboratory line of
sexual S. mediterranea (Zayas et al., 2005) were subjected to an RNAi regimen of
double-stranded RNA (dsRNA) feedings targeting the expression of specific TTBK
paralogs. Planarians were fed twice per week for three weeks and analyzed seven
days after the last feeding (Figure 5A). This RNAi regimen has been shown to
sustain disrupted expression of targeted sequences systemically without having
non-specific side effects in planarian anatomy or physiology (Rouhana et al., 2013;
Rouhana et al., 2017). DsRNA containing firefly luciferase sequence was fed to a
negative control group. As a positive control for RNAi penetrance, one group was
subjected to dsRNA targeting Smed-prohormone convertase 2 (PC2), which is
required for proper development of the reproductive system (Collins et al., 2010).
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The overall appearance of planarians subjected to knockdown of TTBK paralogs
was comparable to that of luciferase(RNAi) controls (i.e. no impact) during the
three weeks of dsRNA feedings, with exception of Smed-TTBK-d knockdown
planarians (Smed-TTBK-d(RNAi)), which manifested abnormal behavior (see
below). In order to analyze the planarian anatomy at the cellular level, RNAi
groups were fixed a week after the last of six dsRNA feedings and stained with
4’,6-diamidino-2-phenylindole (DAPI), which labels DNA in the nucleus of cells
throughout the planarian anatomy. Again, the overall anatomy, distribution of testis
lobes, and presence of the copulatory apparatus, were comparable between
luciferase(RNAi) and TTBK knockdown planarians (Figure 5B-C; 5B’-C’). Given
the preferential expression of TTBK paralogs in the testes, as revealed by in situ
hybridization (Figure 4), we decided to analyze the cellular anatomy of these
structures in more detail.

Analysis of DAPI-stained knockdowns by confocal

microscopy revealed normal distribution of developing sperm in luciferase(RNAi)
and Smed-TTBK-a, -b, -c, -e, and -f knockdowns (Figure 5D; Table 2). By contrast,
irregularities during sperm development were observed in Smed-TTBK-d(RNAi),
which ranged from abnormal morphology of spematozoa (mild phenotype; Figure
5E), to severe reduction in the presence of spermatocytes, spermatids, and
spematozoa (severe phenotype; Figure 5F). There were smaller testes lobes and
less cells per lobe observed in planarians subjected to PC2 RNAi (Figure 5G),
which is known to block germline stem cell differentiation and/or maintenance of
differentiated germ cells (Collins et al., 2010). These results suggest that Smed-
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TTBK-d is required during development and/or maintenance of spermatocytes, as
well as for events that take place during spermiogenesis.
To

validate

the

expression

of

Smed-TTBK-d

during

stages

of

spermatogenesis when evidence of functional relevance was observed from RNAi
analyses, we analyzed expression of this gene by fluorescent in situ hybridization
(FISH) and high-magnicifaction (60X) confocal microscopy. As per comparison
with previously established markers for germline stem cells (Figure 6A; Smednanos; Wang et al., 2007), spermatocytes (Figure 6B; Smed-tektin-1; Chong et al.,
2011) and spermatids (Figure 6C; Smed-pka; Chong et al., 2011), expression of
Smed-TTBK-d appears to begin in spermatogonia and reach highest expression
in spermatids (Figure 6D). The observed pattern of expression of Smed-TTBK-d
corroborates with the phenotypes observed in Smed-TTBK-d(RNAi) and suggests
that Smed-TTBK-d is required at its highest expression during sperm elongation,
and at lower levels during early stages of spermatogenesis.

3.3 Smed-TTBK-d contributes to development and function of epithelial
cilia
Two weeks into the RNAi treatment, planarians subjected to Smed-TTBK-d
RNAi displayed an array of behavioral changes not observed upon knockdown of
any other planarian TTBK paralog or in luciferase(RNAi) (Figure 7A-B; Table 2).
Smed-TTBK-d(RNAi) planarians would not glide about their husbandry containers
and exhibited erratic twisting movements not observed in control planarians
(Figure 7A-B; Table 2). Smed-TTBK-d(RNAi) would eat less frequently or take
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longer to begin eating. In an effort to quantify these observations, luciferase(RNAi)
and Smed-TTBK-d(RNAi) planarians were subjected to analyses of behavioral
response to light (Inoue et al., 2004). Groups of five planarians were placed in an
illuminated end of a 15 cm Petri dish with a bright light directed at them and
monitored for three minutes. Whereas luciferase(RNAi) planarians readily moved
away from the light and spent most to the time in the end of the Petri dish farthest
from the light source (Figure 7C and 7E), Smed-TTBK-d(RNAi) planarians
remained in at the most illuminated end of the Petri dish for the majority of the
period of analysis (Figure 7D and 7F). These results indicated that Smed-TTBKd expression is required for normal detection of light, inducing a physiological
response to light stimulus, and/or the ability of planarians to glide.
Smed-TTBK-d expression was only detected in the testes during analysis
by WMISH (Figure 4E), but the behavioral phenotype of Smed-TTBK-d(RNAi)
suggested that this gene is active in organs responsible for sensory and/or motility.
In order to gain insight into the somatic distribution of expression of Smed-TTBKd, we consulted the single-cell transcriptome analyses made available by Wurtzel
et

al. (2015).

According to

the

data

deposited

in

Planarian SCS

(https://radiant.wi.mit.edu/) (Wurtzel et al. 2015), expression of Smed-TTBK-d
(dd_Smed_v4_12470_0_1) is enriched in ciliated epidermis (epidermis II), as well
as in protonephridia and ciliated neurons of asexual planarians (Supplementary
Figure 8). We performed WMISH in asexual planarians to verify expression of
Smed-TTBK-d in somatic tissues as indicated by single-cell transcriptome data.
As a negative control for background signal, we used a riboprobe against Smed-
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pka, a gene whose expression in transcriptome analyses is exclusively detected
in sexual planarians (S. mediterranea Genome Database Unigene SMU15021920;
Robb et al., 2015; no record found in Planarian SCS). After overnight development
of riboprobe signals, expression of Smed-TTBK-d was detected in the periphery of
the planarian body, where ciliated epidermis resides (Figure 9A). By contrast,
signal detection from in Smed-pka samples only emerged from the gut, which is a
region where non-specific background is often observed during planarian WMISH
analyses (Figure 9B). The expression of Smed-TTBK-d in peripheral cells of the
ventral epidermis cells was verified in sexual planarians by FISH (Figure 9C-D),
confirming that Smed-TTBK-d expression is not restricted to the testes. These
results suggested that the behavioral defects observed in Smed-TTBK-d(RNAi)
could be due, at least in part, to abnormal development and/or function of the
ciliated epidermis.
To determine whether structural abnormalities exist in ventral epithelial cells
of Smed-TTBK-a(RNAi), we imaged the multiciliary structure of these cells by antia-tubulin immunofluorescence and confocal microscopy as per Vij et al., (2012),
Rompolas et al (2013) and others. Control luciferase(RNAi) planarians possessed
evenly distributed cilia of homogeneous dimensions throughout regions of
peripheral ventral epidermis (Figure 9E).

By comparison, the structures

illuminated by anti-a-tubulin immunofluorescence in peripheral cells of the ventral
epidermis of Smed-TTBK-d(RNAi) less densely distributed and varied in thickness
and architecture (Figure 9F). Three-dimensional analysis by confocal imaging at
different planes (i.e. z-stack) revealed a considerable gap between the nuclei of
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these cells and the region of cilia illuminated by anti-a-tubulin (Figure 9E’; ~10 µm).
The space between this region of cilia and the nucleus of cells in the ventral
epidermis is absent in Smed-TTBK-d(RNAi) (Figure 9F’). To get a better sense of
the position of abnormal cilia of ventral epidermal cells of Smed-TTBK-d(RNAi) we
co-stained samples with Concanavalin A (ConA), a lectin that labels epidermal cell
junctions in S. mediterranea (Zayas et al., 2010). ConA staining revealed that the
region

of

cilia

stained

by

anti-a-tubulin

protrudes

distal

to

the

cytoplasmic/membrane region stained by ConA in luciferase(RNAi) (Figure 9G).
On the other hand, the portion of the cilia illuminated by anti-a-tubulin in SmedTTBK-d(RNAi) remained constrained within the cytoplasm of the ventral epidermis
and did not extend past the region of these cells stained by ConA (Figure 9H).
These results demonstrate that Smed-TTBK-d is required for proper assembly of
motile cilia in the planarian ventral epidermis, suggesting that behavioral defects
observed upon Smed-TTBK-d RNAi are due, at least in part, to defective assembly
of epidermal cilia required for normal planarian locomotion.

3.4 Smed-TTBK-d is required for osmotic maintenance but not
regeneration
Smed-TTBK-d RNAi-treated sexual animals occasionally developed mild
phenotypes associated with changes in osmoregulation (i.e. bloating) near the end
of the RNAi treatment. To quantify this effect, asexual planarians were subjected
to Smed-TTBK-d RNAi and scored based on severity of bloating (pale color
indicates mild bloating, ability to see intestine indicates severe bloating). In
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luciferase RNAi control animals, no animals appeared bloated (wild-type, n=17/17)
(Figure 10A). In Smed-TTBK-d RNAi animals, a range of bloating was seen from
severe (n=10/17) to mild (n=5/17) to normal (n=2/17) (Figure 10B-C). These
results indicate a role for Smed-TTBK-d in osmotic regulation likely through
function of protonephridia.
After these RNAi animals were scored for bloating, their regenerative
capacity was tested. Trunk fragments were separated and monitored for
regeneration. Seven days after amputation, the planarians were scored based on
their ability to regenerate eye spots (Figure 10D). In luciferase controls, the vast
majority of the fragments were able to regenerate eye spots within the seven-day
time frame (n=14/15; two trunk fragments did not survive) (Figure 10E). In the
Smed-TTBK-d RNAi group, the majority of surviving trunk fragments were able to
regenerate (n=6/8) (Figure 10F). However, nine Smed-TTBK-d(RNAi) fragments
did not survive amputation, likely due to severe bloating effects rather than inability
to regenerate. These results suggest that Smed-TTBK-d is not directly required for
regeneration.
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Chapter 4: DISCUSSION
4.1 On the possible redundancy of TTBK paralogs
There are six planarian TTBK homologs. Each paralog shows enhanced
expression in the testes of mature planarians. However, only Smed-TTBK-d seems
to be essential for spermatogenesis. The planarian TTBK paralogs only share
homology in the kinase domain (Figure 2A). Sequences downstream from the
kinase domain are almost entirely specific to each gene, perhaps giving them
different substrates, processing, or cellular localization. The two TTBK homologs
in mammals have different distributions and serve different functions, despite being
substantially similar (Ikezu and Ikezu, 2014). Additionally, there are small
differences in the primary sequence of planarian TTBK kinase domains, so there
may be some functional differences dictated by this region as well. Smed-TTBK-d
was also the only gene in this family evidently required for epithelial ciliogenesis.
One explanation for these observations is expression differences between the
TTBK paralogs, as evident in the single-cell analysis data (Figure 8; Wurtzel et al.,
2015). The reason for the large expansion of TTBK genes in S. meditteranea is
unclear, especially since we could not determine a function for five out of the six
genes. It is possible that some of these genes serve redundant functions, although
some combinatorial knockdowns were testes and no evidence for redundancy was
obseved (Table 2). If redundancy was a factor, defects likely would have been
seen in the combinatorial knockdowns. However, defects only appeared when
Smed-TTBK-d dsRNA was included in the combination. The defects seen were
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identical to single knockdown of Smed-TTBK-d, suggesting that Smed-TTBK-d
function is unique from the other planarian TTBKs.

4.2 TTBK may play multiple roles during spermatogenesis
The role of Smed-TTBK-d in spermatogenesis is unclear. It appears that
Smed-TTBK-d is required for both the formation of the sperm tail and early
development of male germ cells. Less severe knockdown effects of Smed-TTBk-d
RNAi reveal sperm cells that have abnormal elongation, suggesting a role in
spermiogenesis. However, severe knockdown effects of Smed-TTBK-d RNAi stop
germline development prior to completion of meiosis. This could result from a
disruption in signaling pathways. Although defects were observed in motile
epithelial cilia of Smed-TTBK-d(RNAi) (Figure 7), this gene may also be involved
in the formation of primary cilia, as is the case of mammalian homolog TTBK2
(Goetz et al., 2012). Single cell analyses reveal expression of Smed-TTBK-d in the
ciliated neurons of planarians, which may play a role in sexual maturation. Thus, if
the primary cilia are lost, signaling may be interrupted. Additionally, while
centrosomes are not present for mitosis in planarians (Azimzadeh et al., 2012),
Smed-TTBK-d may play a role in male meiosis. In planarians, centrioles are only
present in ciliated cells undergoing terminal differentiation, such as epithelial cells,
cells of the pharynx, and protonephridia (Azimzadeh et al., 2012). TTBK homologs
can interact with centrioles and spindle matrix proteins, many of which are
conserved in planarians (Qi et al., 2009; Azimzadeh et al., 2012).
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4.3 The role of TTBK in ciliogenesis
Smed-TTBK-d does not appear to be required for microtubule elongation.
In Smed-TTBK-d knockdown animals long tubulin structures are detected within
the epithelial cells. However, these structures do not appear to localize to the cell
surface as seen in control animals. We determine the location of the cell surface
by staining with ConA. In control animals, cilia project beyond ConA-stained
regions, suggesting that the cilia extend past the cell membrane. In Smed-TTBKd RNAi animals, the tubulin staining mostly localized within the cytoplasm,
suggesting that the elongated structures of tubulin do not protrude from the cell
membrane. We hypothesize that these elongated structures of tubulin form when
ciliogenesis is initiated abnormally. In mice, TTBK initiates ciliogenesis by both
removing inhibitory factors by phosphorylation and shuttling additional cilia
components to the cell membrane to initiate ciliogenesis. However, since basal
bodies only form in epithelial cells during terminal differentiation, there may be
fewer inhibitory components blocking ciliogenesis. We propose that in epithelial
cells, Smed-TTBK-d may serve mainly to localize the components required for
ciliogenesis to the cell surface. This is likely accomplished by shuttling proteins
through interactions with the non-catalytic domain. Alternatively, Smed-TTBK-d
may recruit ciliary components through phosphorylation. It would be interesting to
test this by inactivating the kinase function of Smed-TTBK-d. After treatment by
Smed-TTBK-d RNAi, long structures of tubulin are visible in atypical locations.
There may be a requirement for Smed-TTBK-d to localize basal bodies to the
apical cell membrane. Without Smed-TTBK-d, basal bodies may be distributed
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throughout the cytoplasm and ciliogenesis would be initiated in a non-specific
location. This could explain the structural defects seen in the Smed-TTBK-d RNAi
animals.

4.4 Potential function of TTBKs in protonephridia
Single-cell transcriptome analyses also revealed expression of SmedTTBK-d in the protonephridia (Figure 8; Wurtzel et al., 2015). The protonephridia
regulates planarian water and salt content (Perderson, 1961; Rink et al., 2011).
Defects in protonephridia are typically characterized by a bloating phenotype,
caused by osmotic misregulation (Rink et al., 2011). Bloating was observed in
Smed-TTBK-d RNAi treated animals near the end of the RNAi treatment (Figure
10B-C). If Smed-TTBK-d was involved in protonephridia function it would likely
serve to promote motile cilia development, as is the case in planarian epithelial
cells. Planarian protonephridia (or “flame cells”) contain motile cilia (Vu et al.,
2015).
Expression of Smed-TTBK-d could not be confirmed by in situ hybridization
in either the ciliated neurons or the protonephridia. From the single-cell analysis,
expression of Smed-TTBK-d in the neurons and protonephridia appears to be
weaker than in the epithelium (which was already difficult to visualize by ISH). It’s
possible that the expression in the neurons or protonephridia was too weak to be
detected by ISH. Additionally, the turnover rate of cells can vary. In humans, some
of the fastest cell turnover rates occur in the testes and the epithelium, while some
of the slowest turnover rates occur in brain, heart, and kidney cells. Although
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planarians are capable of regenerating all cell types, the turnover rates may vary.
In mammals, TTBK2 is involved in the initiation of ciliogenesis (Goetz et al., 2012),
not necessarily maintenance. Smed-TTBK-d may be mostly required in cells when
they are actively developing cilia and not for their continued stability. Therefore,
longer-lived cell types may not exhibit a readily observable phenotype upon loss
of Smed-TTBK-d expression. Additionally, neurons and nephrons are typically
ciliated by a single primary cilium. It is possible that the expression of Smed-TTBKd does not need to be as strong or as persistent to produce primary cilia in neurons
compared to motile cilia of the planarian epithelium or protonephridia. The bloating
phenotype may also be affected by defects in the epithelium. Extended
misregulation of ciliary components in the epidermis may lead to a loss of integrity
in the epidermal layer. This could potentially affect the amount of fluid that can
move across the cells and lead to the animals absorbing excess fluid and the
observable bloating phenotype.

4.5 Conclusions
TTBK homologs are found throughout the animal kingdom. The kinase
domain is highly conserved. There are six planarian TTBK homologs, each of
which is expressed in the testes. The paralog Smed-TTBK-d is required for both
spermatogenesis and epithelial ciliogenesis. Some Smed-TTBK-d knockdown
effects suggest involvement beyond cilia formation during meiosis of developing
male germ cells.
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Chapter 6: FIGURE LEGENDS
6.1 Table 1:

Identification of TTBK paralogs in genome and

transcriptome drafts of S. mediterranea
Location of S. mediterranea TTBK paralog sequence in genomic drafts from
SmedGD (Robb et al., 2008; 2015; second column) and Planmine (Grohme et al.,
2018; third, sixth, and eighth columns). Identity and length of matching mRNA
contig sequences are shown in fourth, fifth, seventh, and ninth columns.

6.2 Table 2: Multiple-gene RNAi failed to reveal redundancy between
TTBK paralogs
Observed phenotypes from individual and combinatorial RNAi treatments
on sexual S. mediterranea. Highlighted in bold font are abnormal phenotypes
observed upon knockdown of TTBK genes, all of which included Smed-TTBK-d
(also in bold). Planarians subjected to prohormone convertase 2 RNAi (PC2) was
included as positive control for RNAi penetrance. luciferase knockdowns are
included as negative control. Sample number > 5 planarians per treatment.

6.3 Figure 1: Sequence of GeneArt Strings used for analysis of SmedTTBK paralogs using riboprobes and dsRNA targeting non-conserved
regions
Sequence of templates used in PCR to generate templates for in vitro
transcription. Partial Smed-TTBK paralog sequences are flanked by sense SP6
and antisense T3 RNA Polymerase promoter sequences (bold font) in their 3’- and
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5’-ends, respectively.

Primers used in PCR anneal to flanking promoter

sequences and contain an additional T7 promoter sequence in their 5’-ends, thus
generating templates for dsRNA (using T7), sense (SP6) and antisense (T3)
riboprobe synthesis from a single template.

6.4 Figure 2 TTBKs with a conserved kinase domain are found
throughout the animal kingdom and in slime molds
(A) Comparison of conserved regions of predicted amino acid sequence
between human and planarian TTBK homologs. Location of conserved kinase
domain and percent identity relative to that of HsTTBK1 are highlighted in black.
Regions of conserved sequence outside the kinase domain and corresponding
percent identity are highlighted in gray. Numbering outside the protein diagrams
indicate amino acid positions. (B) Maximum likelihood phylogenetic tree depicting
the relationship between TTBK and Casein Kinase family members. Phylogenetic
analysis was performed on kinase domain protein sequences using default
settings in phylogeny.fr (Dereeper et al., 2008). Abbreviations and shading: Slime
mods (orange) Dictyostelium discoideum (Dd) and Cavenderia fasciculata (Cf);
Sponge (yellow) Amphimedon queenslandica (Aq); Ecdysozoans (green)
Caenorhabditis

elegans

(Ce)

and

Drosophila

melanogaster

(Dm);

The

platyhelminth S. mediterranea (Smed; red); Deuterostomes (blue) Homo sapiens
(Hs), Mus musculus (Mm), Gallus gallus (Gg), Xenopus tropicalis (Xt), Danio reiro
(Dr), and Strongylocentrotus purpuratus (Sp). TTBK homologs were not found in
Saccharomyces cerevisiae (Sc), Neurospora crassa (Nc), Arabidopsis thaliana
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(At), or Chlamydomonas reinhardtii (Cr), but their genomes do contain a casein
kinase family member. Scale bar = 0.5 substitutions per amino acid position.

6.5 Figure 3: All six planarian TTBK homologs contain putative catalytic
residues.
Comparison between planarian TTBKs and known kinase catalytic
residues reveal conservation at all sites.

6.6 Figure 4: TTBK homologs are expressed in the testes of adult
sexual planarians
(A) Schematic representation of the planarian body plan, including sensory
organs, the pharynx and parts of the reproductive system.

Abbreviations:

copulatory apparatus (c.a.) and nerve cord (n.c.). (B-H) Distribution of expression
of negative control (luciferase) (B) and TTBK paralogs (C-H) in sexual samples of
S. mediterranea is visualized in the testes by whole-mount in situ hybridization.
Scale bars indicate 1 mm. (I) Representation of mature testis. Labels indicate
stages in development. (J-P) Distribution of expression of negative control
(Luciferase) (J) and TTBK paralogs (K-P) within testes. Scale bar indicates 50µm.

6.7 Figure 5: Smed-TTBK-d is required for spermatogenesis
(A) Schematic representation of experimental schedule in analyses of gene
function by RNAi. Adult planarians were fed liver supplemented with gene-specific
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dsRNA six times over the course of three weeks. After RNAi treatment, samples
were stained with DAPI and imaged.

(B-C) Comparable overall anatomy of

luciferase(RNAi) (B and B’) and Smed-TTBK-d(RNAi) (C and C’) was observed in
samples stained with DAPI at the end of RNAi treatments, including the presence
of a copulatory apparatus (c.a.) indicative of sustained sexual maturity (position
indicated by dashed rectangles and magnified view shown in B’-C’).

(D-G)

Detailed analyses by confocal microscopy of samples stained with DAPI
demonstrate spermatozoa accumulation in the lumen of testes lobes in
luciferase(RNAi) (D), but not in testes of Smed-TTBK-d(RNAi) (E-F) or PC2(RNAi)
(G). Fraction of biological replicates that exhibited the phenotype represented is
indicated in the top right corner of in (B’-C’) and (D-G). Scale bars = 1 mm (B-C);
0.1 mm (B’-C’); and 50 µm (D-G).

6.8 Figure 6: Smed-TTBK-d is expressed mainly in spermatids and
spermatocytes
(A-C) Single confocal sections under 60X oil immersion objective reveal
distribution of expression of markers for different stages of spermatogenesis,
including (A) germline stem cells (GSCs; Smed-nanos), (B) spermatocytes (Smedtkn-1), and (C) spermatids (Smed-pka) by fluorescence in situ hybridization. (D)
By comparison, peak detection of Smed-TTBK-d expression is found in
spermatocytes (arrowheads) and spermatids (arrows). Scale bar = 50 µm.

6.9 Figure 7: Smed-TTBK-d is required for normal locomotion
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(A) Dark-field microscopy of live (A) luciferase(RNAi) and (B) Smed-TTBKd(RNAi) reveals that extended position and gliding normally observed in S.
mediterranea is lost at the end of Smed-TTBK-d RNAi treatment. (C-D) Images of
(C) luciferase(RNAi) and (D) Smed-TTBK-d(RNAi) planarians reveals their
position after 0, 30, 60 and 180 seconds into a light response test. Planarians were
placed in the illuminated region (labeled “A”) at t = 0 seconds. (E-F) Quantitation
of average length of time that (E) luciferase(RNAi) and (F) Smed-TTBK-d(RNAi)
planarians spent in each region of the plate during light response tests shown in
(C-D). Error bars indicate standard deviation of the mean.

6.10 Figure 8: Differential distribution of expression of Smed-TTBK
paralogs revealed by single cell transcriptome analysis
Images obtained from Planaria SCS (radiant.wi.mit.edu/app/; Wurtzel et al.,
2015). (A) Reference of position of single cells according to single clustering
analysis and expression of known cell-type markers. (B-F) Reported relative
transcript levels of Smed-TTBK-a (B), Smed-TTBK-b (C), Smed-TTBK-c (D),
Smed-TTBK-d (E) and Smed-TTBK-f (F) reveals differences in tissue expression
for planarian TTBK paralogs. Clusters in which expression of specific paralogs was
detected in the majority of cells is indicated in red circles.

Smed-TTBK-d is

preferentially expressed in Protonephridia, epidermis II, and Ciliated neurons. No
data is available for Smed-TTBK-e.
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6.11 Figure 9: Smed-TTBK-d is required for normal development of
motile cilia in planarian multiciliated epithelial cells
(A-B) Colorimetric in situ hybridization in asexual S. mediterranea reveals
Smed-TTBK-d expression in the periphery of the planarian body, where ciliated
epithelia reside (A).

Expression of Smed-pka, a spermatid marker used as

negative control, is not detected in the planarian periphery. (C-D) Expression of
Smed-TTBK-d (magenta) in ventral epithelial cells (C and C’) is verified by
fluorescence in situ hybridization in sexual planarians. Magnified view of area
marked by a dashed square in (C) is shown (C’). Parallel analysis with a negative
control luciferase riboprobe (D) demonstrates specificity of Smed-TTBK-d
expression in epithelial cells. (E-F) Filamentous ciliary structures observed by
alpha-Tubulin antibody staining (magenta) in single confocal planes of
luciferase(RNAi) epithelial cells (E) are of abnormal structure in Smed-TTBKd(RNAi) samples (F).

Transverse views from z-stack confocal projections of

samples in (E-F) showing differences in the distance between the nucleus and cilia
of epithelial cells from luciferase(RNAi) (E’) and Smed-TTBK-d (F’) planarians. (GH) Analysis of multiciliated epithelia as in (E’-F’) in samples co-stained with
Concanavalin A (green) reveal that ciliary structures visualized using alphaTubulin antibodies protrude from the cell membrane in luciferase(RNAi), but are
misplaced proximally in Smed-TTBK-d(RNAi). Cell nuclei are labeled by DAPI
staining (white in C-F and E’-F’; blue in G-H). Scale bars = 1 mm (A-B); 100 µm
(C); 50 µm (C’ and D); and 10 µm (E-H).
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6.12 Figure 10: Smed-TTBK-d is required for protonephridia function
but not regeneration
(A-C) Images of live animals reveal bloating in Smed-TTBK-d RNAi
treated asexual animals. Luciferase, used as a negative control, did not result in
bloating (wild-type, n=17/17) (B). Smed-TTBK-d RNAi treated animals reveal a
range of bloating defects (Severe, n=10/17; mild, n=5/17; wild-type, n=2/17) (CD). (D-E) Smed-TTBK-d function is not required for regeneration. Trunk
fragments of the control group regenerated eye spots within seven days post
amputation (d.p.a.) (n=14/15; 2 animals did not survive) (E). Trunk fragments of
Smed-TTBK-d treated RNAi animals regenerated eye spots within seven days
(n=6/8; 9 animals did not survive) (F). All scale bars indicate 1 mm.
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SmedGD Scaffold
scaffold17034:27636..31255
scaffold2234:8587..16591
scaffold11995:22086..25272
scaffold2196:188989..229925
scaffold29934:5525..11912
scaffold40541:6386..42195

dd_Smes_g4 contig
dd_Smes_g4_36
dd_Smes_g4_10
dd_Smes_g4_21
dd_Smes_g4_1
dd_Smes_g4_8
dd_Smes_g4_6

start
967849
3963250
404282
15160080
4217858
11058051

end
971453
3967744
423843
15156382
4215151
11081870

Smed-TTBK-a
Smed-TTBK-b
Smed-TTBK-c
Smed-TTBK-d
Smed-TTBK-e
Smed-TTBK-f
Smed-TTBK-c, -d
Smed-TTBK-a, -e, -f
Smed-TTBK-a, -c, -d , -e, -f
Smed-TTBK-a, -b, -c, -d , -e, -f
luciferase
PC2

normal
normal
normal
normal; partial bloating
normal
normal
normal
normal
normal
normal
normal
normal

Appearance

Locomotion
normal
normal
normal
abnormal
normal
normal
abnormal
normal
abnormal
abnormal
normal
abnormal

normal
normal
normal
underdeveloped;
normal
normal
underdeveloped;
normal
underdeveloped;
underdeveloped;
normal
underdeveloped

spermiogenesis defects
spermiogenesis defects

spermiogenesis defects

spermiogenesis defects

Testes

dd_Smed_v6 cDNA ID length dd_Smes_v1 cDNA ID length
dd_Smed_v6_13113_0_1
1819 dd_Smes_v1_54569_1_1
1798
dd_Smed_v6_5244_0_1
3434 dd_Smes_v1_1420_1_1
3469
dd_Smed_v6_11177_0_1
4468 dd_Smes_v1_28217_1_1
3547
dd_Smed_v6_12470_0_1
4312 dd_Smes_v1_24503_1_1
709
dd_Smed_v6_71725_0_1
424 dd_Smes_v1_88114_1_1
1356
dd_Smed_v6_8160_0_1
2036 dd_Smes_v1_22851_1_2
2645

Table 2: Multiple-gene RNAi failed to reveal redundancy between TTBK paralogs

Gene
Smed-TTBK-a
Smed-TTBK-b
Smed-TTBK-c
Smed-TTBK-d
Smed-TTBK-e
Smed-TTBK-f

Table 1: Identification of TTBK paralogs in genome and transcriptome drafts of S. mediterranea

Figure 1: Sequence of GeneArt Strings used for analysis of Smed-TTBK paralogs
using riboprobes and dsRNA targeting non-conserved regions
>Smed-TTBK-a
GCGATTTAGGTGACACTATAGAAGAGAACGGAATGACAAAGCAAGTAATCTTCTCCAATCCTAAATCGCTGAGTAAA
GGAGGTGGCAAGGTAGCTCCTAGCCAGAACACGCCCGCGGTGATCGAAGACAAGAACTGCACATACGGCAGCAATTT
GGCTGGAGCAGAAAATGAAAATTTCACTAATCGTTTGACTCTTTGTCGAAATGGTTTCACTCAATTACTAGATGAAA
AATCTTATGACGACGGGCAATCGTTCCAAACCGGTTTCCAAACGTCAGCGTGTATCAATTGTGAACCTGCACCACTA
GGAAATCGTTCAAATATAATAAAAGCCAATGAAGATTTTGCTAAGGCACCCACAATTATTGAGCGTAAGATTAACCC
GTCGGCCTTGAAAGTTTGCAATGAGATTCCTTTTAAAAGCATTGGTCGAGAAATATTGTGTTCCCTTTAGTGAGGGT
TAATTCGCCCT
>Smed-TTBK-b
GCGATTTAGGTGACACTATAGAAGAGAACTAATTTTCGAAACTTAATGATTTTTCTGTGCTCCTTTCATCATATGCT
ATTTACAACTTCGGTAGTAATTTGCGTGTGTATCTGCGTGTGTGTGCGTAAGCTTCAATATTGATGGATTTTCGCGA
AACTCGCTTCATTAGCAATGCGAATATTGTGATAACTAATTGACGAGAATGGAATCATAATTGATGACTTACCCTAT
TCTTGGCTGTGGAGAGTCGCTATTTTATTTTCCAGATATGGTTACATGATGGTCCGTGTATATATACATATAATTAT
CATCACTAAGGCAATCATCACTAACCAGTGCTGCCTAAATGTCCGTCTGTCTGTACCATTGTTATATTAATTTTTCC
AATGATGCTATTCTGTAAATTTAGGTTTTGGTTTTATTTTTACTTTTGGATTATTTTTATTTTTGATTTGGTGTTGT
GTGTCAGTGAGGTCAATTGGATAATGTATATACACACAAACACTCACACACATACACATGCGAAGTGGTTCCCTTTA
GTGAGGGTTAATTCGCCCT
>Smed-TTBK-c
GCGATTTAGGTGACACTATAGAAGAGAACCATTACAAAAATCATCCTCGAAACATTCAAGTCATAAAATGATGTTAC
ACAATGAAAAGCTTCTATCAAATCAATCTCGAAGTAAAGATGGATCTTTAGAATCTTTGAAATCCAAAAGCATCAAA
TCATTTACCAATAATAAATTCGAAAAGCAAAGTCTCTTTATCAACCCGTCCAAATCAATCAGTTGCAAATCATCGAA
AATCTCCGCCTCTGACTATAGTAAATATGCCAGCTTGAAAAAATCCTTTTCACGTCAAGTCAGTGAAGAACTTCCGC
AACCATCTCAGTTTATTGATAATCACGCCAAATTGAATGCAGAGAATGATTTCTATGTAACTTGTGTAAATTCTCCC
TCAGCTTGCGCATTTCCATCGTCCAATAGAATTCCTCCGAAATGCAATGATCGAAAGCCCTATCCACAGAGATGCGG
CTCCTCTCCTGTTCCCAATGTATTGCGGTGTTCTTTCAATGATCCAGCGTGTAACGGTTATCCGGATGTTCCCTTTA
GTGAGGGTTAATTCGCCCT
>Smed-TTBK-d
GCGATTTAGGTGACACTATAGAAGAGAACACGAGATCCCAGCAATTTTAACAATCACCAATCTGACCTGAAATTGGG
AATGAAAGATCACTCTTCGTCATCAAGGACATTCGATTCATATCGCGACAGTGATAGACCAACTCCGAAACCTCGTT
CGCATCATCGATCTCAAAGTCACACAAATCGTGAAGTCGCCAACAGTATCATCAATGGCCACGGTGATAGCACAATA
ATTCGTCAGAAAAATAACTATTACACTTCCTCCATCAACAACATGAACAATAATCTATCACCAAATGACATGAATGA
CCATTCTTTCGACAGATATAATCTCAGGCCCCGCAGTTCCAGTCGAGAGTCGATCAGTAAATATAGCAACAACAAAA
AACCCAATCCTACGTCATCTGGAAGCCAAAAGCCTGTTGTCTGCAAACACAACTCGTCTCCATCGCGACGTCGAAGC
ACCAGTTTCAATAATAACAACGATTGCGTGCAATGTCAAAATTACGGGGTGAAAAAGTGTACTACTCGTTCCCTTTA
GTGAGGGTTAATTCGCCCT
>Smed-TTBK-e
GGATTTTAATAGAGCCAGGTCACCTCATTAAGGAGCGTTGGAAGGTAATTAAGAAAATTGGCGGTGGAGGCTTCGGA
GAAATCTATGAAGCAACTGATCTAGTAACCAGTGACAAGGTAGCTTTAAAATTAGAATCCAATCAAGAAGCTAAACA
AGTATTGAAAATGGAAGTTGCAGTTTTAAAAAAATTACAGGGCAATGATCATATATGCAAATTTTATGGATGTGGTA
AATGTGAAACTTTCAACTACGTTGTTATGTCATTGCAAGGTAAAAATCTCGGTGATTTACGTCGTGCCACTCCAAGA
GGTATATTTTCGATTTCAACAACACTTTTGATAGCGAAACAAATACTACACGTCATTCAAAGCATCCATGAAGTTGG
ATTTCTACACAGAGACATAAAACCGTCTAATTTTGCAATTGGAAGACTGCCAAACACATTCAGAAATGTTATAATGT
TAGATTTCGGTTTATCTAGACAGTACTTAAATCTTCAAGGAGAAGTGCGTACACCAAGACCGGTTGCGGGTTTTCGT
GGAACAGTTAGATATG
>Smed-TTBK-f
GCGATTTAGGTGACACTATAGAAGAGAACGTCGACGATCACTACTTTCTCCGCTCGAATGACAACGACGTTGACGAC
GGCGATAACGACAGATACCAAGCGATCTATATCCATCCAGAATCAGTATTATCGGATAAATATAGATTTTCTCACAT
ACCCGATGCTATTATTTGTGATAAACCAGATTTACCTCTCACCAGAAAAGAAGATCTTATTGTTTTATCGAAGAAAA
TCGATCCTTGTCTTTCAAGAACCAATTCCTCAGAAAGAGGAATGACTTATACATCAAACGTAATGTGCAACAACAAC
AACAACAATATCAATTCTAACAACAACAATGCCTCATTTCTTTCCTCAGATTTATTCAATAAATCAATTAATGAAAA
AAGTGAAAATTCAAAATTCAATTTCCAATCATCATCAAACAACAGTTCATCATTCGTATCAAATAATCTCGCTGTCA
CGTTCCAGGGGTTCCCTTTAGTGAGGGTTAATTCGCCCT
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Figure 2: TTBKs with a conserved kinase domain are found throughout the animal kingdom
and in slime molds
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Figure 3: All six planarian TTBK homologs contain putative catalytic residues
SmedA
SmedB
SmedC
SmedD
SmedE
SmedF
Hs1
Hs2
HsC1
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Figure 4: TTBK homologs are expressed in the testes of adult sexual planarians
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Figure 5: Smed-TTBK-d is required for spermatogenesis
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Figure 6: Smed-TTBK-d is expressed mainly in spermatids and spermatocytes
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Figure 7: Smed-TTBK-d is required for normal locomotion
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Figure 8: Differential distribution of expression of Smed-TTBK paralogs revealed by single cell
transcriptome analysis
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Figure 9: Smed-TTBK-d is required for normal development of motile cilia in planarian
multiciliated epithelial cells
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Figure 10: Smed-TTBK-d is required for protonephridia function but not regeneration
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